Vaccinia virus gene SalF 15R potentially encodes a polypeptide of 63 kD which shares 30% amino acid identity with S. pombe and S. cerevisiae DNA ligases. DNA ligase proteins can be identified by incubation with _-(Q2P)ATP, resulting in the formation of a covalent DNA ligase-AMP adduct, an intermediate in the enzyme reaction. A novel radio-labelled polypeptide of approximately 61 kD appears in extracts from vaccinia virus infected cells after incubation with _-(32P)ATP. This protein is present throughout infection and is a DNA ligase as the radioactivity is discharged in the presence of either DNA substrate or pyrophosphate. DNA ligase assays show an increase in enzyme activity in cell extracts after vaccinia virus infection. A rabbit antiserum, raised against a bacterial fusion protein of ,B-galactosidase and a portion of SalF 15R, immune-precipitates polypeptides of 61 and 54 kD from extracts of vaccinia virus-infected cells. This antiserum also immune-precipitates the novel DNA ligase-AMP adduct, thus proving that the observed DNA ligase is encoded by SalF 15R.
INTRODUCTION
Vaccinia virus, the prototypical member of the poxvirus family, is a large DNA-containing virus which replicates in the cytoplasm of the host cell. The linear double-stranded genome of approximately 185,000 base pairs has the potential to encode at least 200 proteins (reviewed in 1) . Although the nucleus is required for formation of mature virus particles, vaccinia virus DNA replication can occur in enucleated cells (reviewed in 2). The cytoplasmic site of replication requires that vaccinia virus encodes many enzymes and protein factors necessary for DNA synthesis, thus providing a unique system for molecular analysis of the functions associated with virus replication in a mammalian cell. Identification and analysis of such virus-encoded proteins may also provide valuable information on the enzymology of replication of cellular DNA.
A growing number of virus genes expressing proteins involved in DNA replication have been mapped on the vaccinia virus genome and sequenced. This comprises DNA polymerase (3), DNA topoisomerase (4) and a DNA-dependent ATPase (5) . The enzymes of precursor biosynthetic pathways, thymidine kinase (6,7) thymidylate kinase (8) and the large and small subunits of ribonucleotide reductase (9, 10) have also been characterised in this way. In addition, a gene has been identified in our laboratory which has extensive sequence homology to yeast DNA ligases (11) . An increase in DNA ligase activity has been reported in vaccinia virus infected cells (12, 13) , although genetic evidence of virus origin was not obtained. Other replicative enzymes for which an increase in biochemical activity has been reported include single-strand specific nucleases (14) and nicking-joining enzyme (15) .
DNA ligases join strand breaks in DNA by catalysing the formation of phosphodiester bonds, requiring a divalent metal ion and either ATP or NAD as cofactor. Studies on Volume Chromatography and Buffers DE52 ion-exchange cellulose (Whatman) was prepared according to the manufacturers instructions. P11 phosphocellulose (Whatman) was prepared as described (21) . All sodium chloride buffers were at pH 7.5 and contained 50 mM Tris-HCl, 1 mM EDTA and 10 mM 2-mercaptoethanol. Extraction of DNA ligase All operations were carried out at 4°C. CV-1 cells in monolayer culture, 1 x 107 cells per sample either mock infected or infected with 100 p.f.u./cell vaccinia virus, were collected by scraping with a rubber policeman and centrifugation, then washed in phosphatefree cell culture medium. Cells were harvested at the times post-infection (p.i.) indicated in the presence or absence of cytosine arabinoside (40 itg/ml). The cell pellet was resuspended in 1 ml ice-cold extraction buffer (0.1 M NaCl, 50 mM Tris-HCl, pH 7.5, 10 mM 2-mercapto-ethanol, 1 mM EDTA, 23 ,ug/ml aprotinin, 0.5 Itg/ml each of pepstatin, leupeptin and chymostatin) and disrupted in a glass hand homogeniser, as described in (18) . In some experiments, DNA ligase was partially purified by a two column procedure.
The Dounce homogenate was centrifuged to remove cell debris then the supernatant made 0.4 M NaCl and passed through a DE52 column equilibrated with 0.4 M NaCl buffer. Fractions containing protein (measured by the Bradford assay (22) (11) . On induction of bacterial culures containing pSK12, a (3-galactosidase fusion protein of the predicted Mr was detected by SDS-PAGE and staining with Coomassie brilliant blue. After gel purification and electroelution, 250 ,g aliquots of this protein were used to immunise a rabbit resulting in the production of pEX LIG antiserum. TK-cells infected at 30 p.f.u./cell with either wild-type vaccinia virus, or mock infected, were incubated in methionine-free medium from 1 to 1.5h post infection, then radiolabelled by incubation in 100 MCi/ml of (35S)-methionine in MEM witiout methionine for 2.5h. Immune precipitation was as described in (27) . The cells were lysed in RIPA buffer (50 mM Tris-HCl pH 7.2, 150 mM NaCl, 1% sodium deoxycholate, 0.1 % SDS, 1% Triton X-l00) plus 5 ,ug/nml DNase and 1 mM phenylmethylsuphonyl fluoride for 15 min on ice. Lysates were clarified by centrifugation at 10,000 r.p.m. for 15 min at 4°C. Supernatants were incubated with rabbit sera for 30 min at room temperature and immune complexes precipitated by incubation with 50 gig of a 50% suspension of Protein ASepharose for 2h at 4°C. The beads were washed twice with NP40 buffer and once with 2 M urea, 0.4 M LiCl, 10 mM Tris-HCl pH 8.0, then SDS sample buffer added and proteins analysed by SDS-PAGE.
In some experiments, unlabelled cell lysate fractions containing DNA ligase were incubated with aI-Q2P) ATP to form a DNA ligase-AMP adduct then immune-precipitated and analysed as described above.
RESULTS

Identification of the Vaccinia Virus DNA Ligase Protein
A feature of the reaction mechanism of all DNA ligases is the intermediate formation of a stable DNA ligase-AMP adduct. An assay making use of this feature has been developed by which DNA ligase polypeptides can be identified by incubation with Ca-C2P) ATP (25) .
The type of covalent linkage formed is rare among other proteins, therefore the assay is suitable for use on relatively crude preparations and was used to determine whether a vaccinia virus DNA ligase could be detected.
Extracts from vaccinia virus infected cells contain a novel radio-labelled polypeptide of molecular weight approximately 61 kD after incubation with a-g2P) ATP (Figure 1 (Figure 2 ). This result strongly suggests that the 61 kD polypeptide is a DNA ligase with DNA strand joining activity. (30) are both recruited to the cytoplasm upon vaccinia virus infection. Cellular DNA ligase I is known to be susceptible to proteolysis, possibly due to a domain structure with protease-sensitive hinge regions. The intact mammalian enzyme has a molecular weight of 200 kD, which is rapidly cleaved to a 130 kD fragment and more slowly to an 85-90 kD active fragment (17; see also Figure 2 , lane 1). DNA ligase H has a molecular weight of approximately 80 kD. A mammalian DNA ligase fragment of 61 kD has not, however, been reported.
Although much progress has been made in unravelling the overall features of the mechanism of vaccinia virus DNA replication (reviewed in 31) several possible models exist. After infection, nicks are introduced near one or both of the ends of the genome and DNA replication starts via self-priming by the 3' ends generated by the nicks. This initial self-priming alone, followed by a strand displacement mechanism, could account for DNA synthesis along the entire genome leading to the generation of concatameric structures. DNA ligase would not be required, as a nicking-joining (NJ) enzyme capable of first introducing and then sealing nicks at the ends of the genome has been described 9048 (15) and would be capable of resolving concatameric molecules into monomers. This enzyme, which is probably encoded by vaccinia virus although the gene has not been identified, is distinct from the DNA ligase described here on the basis of its smaller molecular size (50 kD processed to 44 kD), ATP independence and concerted mode of action, cleaving superhelical DNA site-specifically followed by joining to form cross-links. Furthermore, nicks introduced by DNase I treatment, equivalent to the poly(dA):oligo(dT) DNA ligase substrate, are not joined by NJ enzyme (32) . NJ enzyme is also distinct from the vaccinia virus type I DNA topoisomerase, which has a nicking-closing activity (33) . A second possible model is that after self-priming at the genome ends, DNA replication proceeds bi-directionally via leading and lagging strand synthesis, with formation of RNA primers and Okazaki-type fragments of DNA. Concatamers could again be formed, and some evidence for this mechanism does exist (e.g. 34, 35) . A central requirement would be for a DNA ligase to join the short DNA fragments on the lagging strand. The construction of conditional viral mutants in the SalF 15R gene will allow these models and the various functions of the DNA ligase in vaccinia virus DNA replication and recombination to be investigated.
